Abstract Interferon-activated monocytes are known to exert cytocidal activity against tumor cells in vitro. Here, we have examined whether a combination of IFN-a2a and IFN-c and human monocytes mediate significant antitumor effects against human ovarian and melanoma tumor xenografts in mouse models. OVCAR-3 tumors were treated i.t. with monocytes alone, IFN-a2a and IFN-c alone or combination of all three on day 0, 15 or 30 post-tumor implantation. Mice receiving combination therapy beginning day 15 showed significantly reduced tumor growth and prolonged survival including complete regression in 40% mice. Tumor volumes measured on day 80 in mice receiving combination therapy (206 mm 3 ) were significantly smaller than those of mice receiving the IFNs alone (1,041 mm 3 ), monocytes alone (1,111 mm 3 ) or untreated controls (1,728 mm 3 ). Similarly, combination therapy with monocytes and IFNs of much larger tumor also inhibited OVCAR-3 tumor growth.
Introduction
Macrophages are a part of the mononuclear phagocyte system and are professional antigen-presenting cells for adaptive immunity. Mononuclear phagocytes migrate out from bone marrow, circulate briefly in the blood as monocytes and then enter into the tissues and inflammatory foci where they differentiate into macrophages [1] . Compelling evidence has emerged over the past decades for macrophages playing an important role in the defense against harmful microorganisms and tumor cells [2, 3] . Monocyte/macrophage infiltration is an important aspect of Electronic supplementary material The online version of this article (doi:10.1007/s00262-011-1152-x) contains supplementary material, which is available to authorized users. host response to tumor growth, but the exact function of macrophages in tumor growth remains controversial [4] . Two major types of macrophages have been identified: the ''classical'' phenotype (M1) and the alternative (M2) phenotype (Gordon 2003) . The classical (M1) macrophages are activated in response to microbial products or interferon-c and are characterized by high interleukin-12 (IL-12) and IL-23 production as well as increased major histocompatibility complex (MHC) class II and inducible nitric oxide synthesis (NOS2) expression [5] [6] [7] . M2 macrophages are characterized by decreased expression of NOS2, MHC class II and IL-12, but elevated expression of anti-inflammatory cytokines such as IL-10. The M2 phenotype is promoted by Th2 cytokines such as IL-4 and IL-13. M1 macrophages can serve as potent effector cells that kill microorganisms and tumor cells, present antigens and produce large amounts of proinflammatory cytokines [8] , while M2 macrophages have potent immunosuppressive properties and act by different mechanisms to inhibit the development of an efficient antitumor response [9] .
The modulation of macrophages has been postulated as an effective antitumor therapy [10] [11] [12] [13] [14] , because activated macrophages can selectively kill tumor cells without damaging normal cells [15] . It has been reported that interferon-activated monocytes can exert near eradicative cytocidal activity against some human tumor cells (HOS, A549 and LOX) in vitro, under defined conditions [16] . Transfer of tumor cytotoxic macrophages activated in vitro exerts a therapeutic effect against lymphomas in animal models [17] . Chen et al. showed that, Kupffer cells, a liver organ-specific macrophage, inhibit the growth of tumor by inducing apoptosis in murine tumor model systems [18] . Indeed, evidence from many studies suggests that activated macrophages are capable of selectively lysing tumor cells in vitro and play an important role in the immune-mediated destruction of tumor cells in vivo [18] [19] [20] .
Interferons (IFNs) have been shown to exhibit antiviral, antiproliferative and immunomodulatory effects [21] [22] [23] . As early as 1969, it was shown that IFNs also have antitumor activity. Indeed, mice inoculated with syngeneic tumor cells exhibited significantly increased survival when treated with IFN preparations [24] . This seminal study triggered a wealth of research eventually leading to clinical testing of IFNs in cancer therapy [25] [26] [27] . IFNs also have important roles in regulating the innate and adaptive arms of the immune system. For example, type I IFNs can activate dendritic cells (DCs), upregulate the expression of MHC class I molecules, promote the priming and survival of T cells, enhance humoral immunity and increase the cytotoxic activity of natural killer (NK) cells, macrophages and CD8
? T cells. Additionally, it is reported that IFNs responsiveness in the host hematopoietic compartment is necessary and sufficient to evoke antitumor activity, suggesting that the crucial targets of IFNs responses are the host cells rather than the tumor cells [28] . Thus, by exerting antiproliferative, angiostatic and immune cell-activating functions, IFNs likely play a vital role in tumor growth control. In addition, human IFN-a2a is approved for clinical use by the FDA for several types of cancer including hairy cell leukemia, chronic myelogenous leukemia, malignant melanoma, follicular lymphoma and AIDS-related Kaposi's sarcoma.
Recently, it has been demonstrated that IFN-a2a plus IFN-c-activated monocytes strongly increase human monocyte cytocidal activity and eradicate high concentrations of human tumor cells in vitro [29] . Based on this study, we hypothesized that a combination of type I and type II IFNs and monocytes may mediate significant antitumor effects against human ovarian and melanoma tumor xenografts in mouse models. We also examined whether IFNs and monocytes can cause eradication of established human ovarian and melanoma tumors and what is the mechanism of tumor eradication. Our results indicate that a combination local therapy with monocytes and IFN-a2a plus IFN-c mediate significant antitumor effect against ovarian and melanoma tumor growth by infiltration of activated monocytes and induction of tumor cell apoptosis that results in near eradication of the tumors especially in the case of the ovarian tumors (OVCAR-3). Mice receiving a combination therapy survived significantly longer than mice treated with either monocytes alone or IFNs alone, and this combination was effective in mice not only with smaller tumors but also with larger tumors.
Materials and methods

Monocytes, IFNs and cell lines
Elutriated monocytes were obtained from healthy adult donors, after signing informed consent forms, from the Department of Transfusion Medicine at the National Institutes of Health using the Gambro Elutra method [30] . The preparation, in general, contained more than 85% monocytes, \10% neutrophils and\5% lymphocytes. As reported earlier, this level of contaminating lymphocytes and neutrophils in the monocyte preparation do not contribute to the antitumor activity observed here [16] . Interferon-a2a was obtained from Hoffmann LaRoche (Nutley, NJ, USA). Interferon-c was obtained from Intermune Pharmaceutical Inc (Brisbane, CA). The human OVCAR-3 and LOX melanoma tumor cell lines were obtained from ATCC.
Murine tumor models
All murine experiments were carried out in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals, and the studies were 
Immunohistochemistry
Frozen sections were co-stained with rat anti-human CD31 (1 lg/mL; MCA1767, Serotec, Oxford, United Kingdom), rat anti-human CD68 (1 lg/mL; MCA1108G, Serotec), goat anti-human IL-12 or goat anti-human IL-10 (1 lg/mL; R&D Systems), rabbit anti-human CXCL10 (IP10) (1 lg/ mL; Peprotec, Inc., Rocky Hill, NJ, USA), rabbit anti-NOS2 (1 lg/mL Santa Cruz Biotechnology, Inc.) antibody or respective isotype control for 18 h at 4°C. All antibodies were resuspended in PBS. All tissue sections were visualized with Alexa 555 or FITC-conjugated streptavidin as the secondary reporting reagent, and the slides were analyzed with laser scanning by fluorescence microscopy.
Apoptosis detection by TUNEL staining in vitro
Tumor samples were harvested and fixed with 10% formalin. Paraffin-embedded sections were deparaffinized by xylene treatment and washed successively with alcohol (100-50%) and PBS. Sections were stained using the TUNEL (terminal deoxynucleotidyl transferase mediated dUTP nick end labeling)-based apoptosis detection kit (Millipore, Billerica) as per manufacturer's instructions. Apoptotic cells were assessed and measured by fluorescent microscopy. Automated image processing and analysis software, Metamorph (Universal Imaging Corporation, Downingtown, PA), was used to identify and quantitate the number of apoptotic cells.
Statistical analysis
The tumor volumes in the treatment and control groups were analyzed by ANOVA. The statistical significance of data was calculated using two-tailed Student's unpaired t test. Survival curves were generated by Kaplan-Meier method and compared using the log-rank test.
Results
Intratumoral administration of IFNs and monocytes reduced tumor burden and prolonged survival of mice with established human ovarian tumors
To determine the efficacy of a combination of monocytes and IFNs, a number of experiments were performed to evaluate the therapeutic antitumor effect in the established human ovarian tumor model (OVCAR-3). First, we optimized the number of monocytes with or without IFN-a2a plus IFN-c needed to inhibit OVCAR-3 tumor growth in a murine model. As shown in Supplementary Fig. S1 , IFNs alone and monocytes alone, when co-injected at the time of tumor cell injection, had a marginal effect on tumor growth. However, when monocytes and IFNs were mixed together and administered with tumor cells, a significant delay in tumor growth was observed in a monocyte dosedependent manner. Co-administration of 3 9 10 7 monocytes and IFNs inhibited tumor growth by 32% compared to the mice which received lower dose of monocytes (1 9 10 7 ) and IFNs (305 mm 3 vs. 445 mm 3 ) when tumors were measured on day 30 ( Fig S1A) . Next, we optimized the concentration of IFNs needed for optimal antitumor effect in vivo ( Fig S1B and Fig S1C) . When mice were injected with dosages of IFN-c and IFN-a2a (2 ng/mouse or 20 ng/mouse each IFN, respectively), an optimal delay in tumor growth was observed compared to low dose of IFNs (0.2 ng/mouse). On day 96 post-tumor implant, the higher dose of IFNs (20 ng/mouse each) completely eliminated tumor growth. Interestingly, a lower dose of IFNs (2.0 ng/mouse each) also inhibited tumor growth completely until day 72. After that, tumors began to grow. These tumors were much smaller (105 mm 3 ) compared to the 0.2 ng/mouse dose of each IFN (792 mm 3 ), a decrease of 87% tumor burden measured on day 96, the last day of the experiment (Fig. S1B) . The lowest dose of IFN (0.02 ng/mouse each) was also effective in slowing the tumor growth but not as much as higher doses of IFNs (Fig.  S1C) . Cumulatively, these results demonstrate that a combination therapy with IFNs and monocytes can cause significant inhibition of ovarian tumor growth in animal models. The highest dose of IFNs (200 ng/mouse each) in LOX melanoma model produced optimum antitumor effects (not shown).
Based on above data, we determined the antitumor effect of a combination of IFNs and monocytes in established murine tumor models. Nude mice with palpable subcutaneous human OVCAR-3 tumors of 50-70 mm 3 volume were injected i.t. with monocytes (3 9 10 7 ) alone, IFN-a2a plus IFN-c (20 ng/each) alone or both on day 0, 5 or 30 post-tumor implantation. As shown in Fig. 1a , the treatment of mice with IFNs or monocytes alone on day 15 slightly delayed the OVCAR-3 tumor growth compared to the excipient-treated control. On the other hand, the mice receiving combination therapy with IFNs and monocytes on day 15 significantly reduced the tumor burdens. On day 80, the tumor volume in mice receiving combination therapy (206 mm 3 ) was significantly smaller than that of mice receiving the IFNs alone (1,041 mm 3 , P \ 0.001), monocytes alone (1,111 mm 3 , P \ 0.001) or untreated control (1,728 mm 3 , P \ 0.0001). Furthermore, we found that the administration of monocytes, IFNs or combination of both at day 30 in larger tumors could also inhibit the OVCAR-3 tumor growth. The tumor volume of mice receiving combination therapy at day 30 was 73% smaller (475 mm 3 ) than the untreated control mice on day 80 (P \ 0.001), IFNs-treated mice or monocytes-treated mice on day 87 (P \ 0.01). We also tested whether retreatment with IFNs and monocytes further reduced tumor burden compared to the one time treatment. The tumor growth of mice treated on day 15 and 25 or day 30 and 40 was smaller than that of the mice treated one time on day 15 or 30. Repeat treatment in early or late treatment models made no significant difference in tumor regression (data not shown).
The overall survival time (OST) of animals (tumorbearing mice were killed when tumor volume reached 2 cm in diameter according to NIH animal guidelines) was 72 days in the untreated OVCAR-3 control group, whereas OST of animals was slightly increased to 87 and 81 days in the IFNs alone and monocytes alone groups, respectively (Fig. 1b) . However, when IFNs and monocytes were combined, a significantly prolonged OST was observed in the combination therapy group compared to controls in both early and later tumor models. Prolonged survival time in the mice with the combination therapy group of early tumor model (170 days, P \ 0.001) was more than double the untreated control group. Furthermore, complete responses (tumor-free survival) were observed in 40% mice treated with combination therapy on day 15 and 70% complete responses when monocytes and IFNs were injected on day 0. These results indicate that intratumoral combination therapy with monocytes and IFNs could be effective in significantly inhibiting tumor growth and prolonging survival of OVCAR-3 tumor-bearing mice.
Combination therapy with monocytes and IFNs reduced LOX melanoma tumor size and prolonged survival
We also evaluated the efficacy of combination therapy in LOX melanoma tumor models. Immunodeficient mice with established LOX melanoma tumors received i.t. injection of monocytes (3 9 10 7 ) or IFNs (20 ng/each of IFN-a2a plus IFN-c) on day 0 or both IFNs and monocytes on day 0, 3 or 9 post-tumor implantation. As shown in Fig. 2a , treatment of mice with IFNs alone or monocytes alone has little or no impact on tumor growth; however, when IFNa2a, IFN-c and monocytes were combined and injected either on day 0, or 3, LOX melanoma tumor growth was . Later treatment on day 9 showed no inhibition of tumor growth (2,258 mm 3 ). The OST of the mice was 20 days in control groups, whereas it was significantly increased to 33 days in the combination therapy group (treated on day 0, P \ 0.05) and 26 days in the combination therapy group (treated on day 3) (Fig. 2b) . The mice that received combination treatment with monocytes and IFNs on day 9 did not show any prolongation in survival. We also investigated whether monocytes combined with either IFN-a2a or IFN-c mediated antitumor effects compared to when both IFNs were mixed with monocytes. As shown in Fig. 2c , monocytes when combined with either IFN-a2a or IFN-c mediated very little inhibition of LOX melanoma tumor growth. In contrast, when both IFNs were combined with monocytes, they mediated a statistically significant inhibition of tumor growth (P \ 0.05) compared to control tumors. The Kaplan-Meier survival curve showed that mice receiving both IFNs and monocytes lived for 26 days compared to mice receiving monocytes and either IFN-a2a (23 days) or IFN-c (21 days) although differences between groups were not statistically significant (Fig. 2d) . These results indicate that intratumoral combination therapy with monocytes and IFNs could be effective in significantly inhibiting tumor growth and prolonging survival of LOX melanoma tumor-bearing mice. It appears that combination of both IFNs is more effective in reducing tumor burden than either IFN alone.
Activated macrophages are infiltrated into OVCAR-3 tumors
The next question we addressed whether IFN-activated human monocytes when injected into tumor bed were differentiated into activated macrophages in vivo. It is reported that one of the functionally important receptors in macrophage biology is PECAM-1 (CD31) [31] . CD31, through homophilic adhesion, determines which cells will be phagocytosed. In addition, CD68 is predominantly expressed on the intracellular lysosomes of monocytes and macrophages [32] . By co-staining with both CD31 and CD68, one can determine whether monocytes are activated. As shown in Fig. 3 , a large number of activated macrophages (CD31 ? /CD68 ? ) were present in OVCAR-3 tumors harvested on day 2 after combination therapy. In contrast, few activated macrophages were observed when treated with IFNs alone or monocytes alone. On day 10 after treatment, although tumors had shrunk significantly, there was still evidence of CD31
? CD68 ? macrophages infiltrating tumor stroma although their numbers were significantly lower compared to tumors harvested on day 2 after treatment (Supplementary Fig. 2A and Fig. 3 ).
Combination therapy induced classical (M1) macrophages in OVCAR-3 tumors
Because we found that activated macrophages are accumulated in tumors after combination therapy with monocytes and IFNs in the murine OVCAR-3 tumor model, we hypothesized that those macrophages were classically activated macrophages (M1). To examine this hypothesis, the tumor samples were collected on day 17 or 25 (2 days or 10 days after treatment on day 15, respectively) from the mice of Fig. 1a , and then, immunohistochemistry was performed using specific antibodies. Tumor samples were stained with anti-IL-12 or anti-IL-10 antibodies. These cytokines were selected because the M1 macrophages are characterized by an IL-12 high and IL-10 low phenotype, whereas regulatory macrophages (M2) are characterized by an IL-10 high and IL-12 low phenotype [33] . As shown in Fig. 4 , the higher density of IL-12 was identified in tumor samples of combination therapy compared to the PBStreated control, monocytes alone or IFNs alone tumors. In contrast, lower density of IL-10 was observed in the sample from combination therapy compared to the other groups. Additionally, we examined the arginase-1 expression in tumor samples, as it is reported that arginase-1 is one of the markers of M2 macrophage in addition to IL-10 [34] . But the density of arginase-1 expression was not different between each group. Tumor samples were also stained with anti-IP10 (CXCL10) or anti-NOS2 antibodies, because these chemokines are also reported as characteristic and potential biomarkers of M1 macrophages [35, 36] . Similar to IL-12 staining, density of both CXCL10 and NOS2-positive cells was higher in the combination therapy group compared to the other groups (Fig. 4) . On day 10, although the density of IL-12 and NOS2-positive cells was lower than day 2 tumors, IL-12 and NOS2-positive cells were still present in the tumors (Supplementary Fig. 2B ). These results suggest that combination therapy with IFNs and monocytes induces the M1 macrophages activated by IFNs, and they can survive surrounding tumor. These cells may serve as a potent effector cells that kill OVCAR-3 tumors, inducing apoptosis and producing certain chemokines in tumors.
IFNs-activated monocytes induce apoptosis in OVCAR-3 tumors
The primary mechanisms responsible for tumor cytotoxicity by activated macrophages are phagocytosis and apoptosis induced by molecules produced by activated macrophages [37] . To examine the role of apoptosis, TUNEL assays were performed in the tumor sections obtained from various treatments including combination therapy. The tumor samples were collected on day 17 or 25 (2 days or 10 days after treatment, respectively) from the mice of Fig. 1a and stained with hematoxylin and eosin (H&E) and TUNEL as described in ''Materials and methods''. The H&E-stained samples showed accumulation of large number of macrophages into the tumor receiving combination therapy compared to the PBS-treated control, monocytes alone and IFNs alone groups (Fig. 5a) . Similar to the number of accumulated macrophages, the number of apoptotic cells in the tumors of mice receiving combination therapy (n = 101/field) was also higher than that of the PBS-treated control group mice (n = 9/field), monocytes alone (n = 24/field) and IFNs alone (n = 12/field) (P \ 0.01) (Fig. 5b, c) . These results suggest that macrophages activated by IFNs induced apoptosis of OVCAR-3 tumor cells in murine tumor model.
Combination therapy causes no toxicity to vital organs
The administration of high dose of IFNs is reported to show serious side effects in the clinic. These adverse events include flu-like symptoms, leukopenia, thrombocytopenia, pancreatitis, hyperthyroidism, diabetes mellitus and jaundice. To assess the toxicity profile of IFNs and monocytes, we examined the histological changes in various vital organs. No histological changes were observed by H&E in any organ including liver, kidney, lung and spleen in either the control or treated groups (Fig. 6a) . In addition, no adverse effect on body weight and physical well-being were observed (Fig. 6b) . Thus, combination therapy with monocytes and IFNs has significant antitumor efficacy but without any observed adverse side effects in mice.
Discussion
We demonstrate that IFNs, when co-administered with human monocytes, can mediate synergistic antitumor effects against human ovarian and melanoma tumors in vivo. The impressive antitumor effects were demonstrated by (a) regression of small and large tumor nodules, (b) enhanced survival of animals, (c) infiltration of M1-activated macrophages but not regulatory M2 macrophages in OVCAR-3 tumors and (d) apoptosis of macrophageinduced OVCAR-3 tumor cells. These remarkable antitumor effects were mediated without any evidence of local or systemic toxicity to the mouse; however, we must acknowledge the species specificity of IFNs in that human IFNs are at least 4-logs less active on mouse cells in comparison with human cells. In contrast, macrophages can act across species. Although previous studies with interferon showed its broad ability to cause antiviral, antiproliferative, immunomodulatory and antitumor effects in vitro [21] [22] [23] [38] [39] [40] [41] , ours is the first report to demonstrate that a direct intratumoral administration of IFN-a2a-activated monocytes can regress or eradicate tumors in a mouse model. Current studies were based on our in vitro observations that direct cell-to-cell contact of IFN-activated monocytes and optimum concentration of IFN is necessary for tumor cell cytotoxicity in vitro [16, 29] . Thus, our in vitro results predicted the in vivo outcome.
The role of macrophages in cancer has been controversial, and many issues remain unresolved. Early evidence indicate that macrophage surveillance mechanisms are essential for preventing the growth of transformed or pretransformed cells into tumors, and there is strong evidence showing that activated macrophages can kill transformed cells in vitro [16, 29, 42] . However, there is also evidence that macrophage depletion has little effect on the host's susceptibility to cancer and in some cases may even be beneficial to the host [43, 44] . It is proposed that macrophages can have contrasting roles in cancer depending on their phenotype [45] . Two major types of macrophages have been identified: the ''classical'' phenotype (M1) and the alternative regulatory (M2) phenotype [9] . Classically activated macrophages are generally cytotoxic to tumor cells but not to normal cells, and therefore, classical macrophages contribute to the early eradication of transformed cells [46, 47] . It is required that they contact tumor cells in order to kill them [16, 29] . Our immunohistological findings suggest that monocytes/macrophages not only accumulated into the tumor treated with combination therapy with IFNs and monocytes but also expressed CD31
? /CD68 ? phenotype, indicating that they were activated and involved in phagocytosis of tumors [31, 32] . These macrophages seem to express high levels of IL-12, CXCL10 and NOS2 as determined by immunofluorescence and low levels of IL-10 and arginase-1 in the tumor. These results indicate that intratumoral injection of IFNs and monocytes induces M1 macrophages rather than regulatory M2 (suppressor) macrophages and M1 macrophages contribute to tumor cell killing. Three mechanisms of tumor cell killing by macrophages may include phagocytosis, necrosis and apoptosis [37, 45] . In the present study, TUNEL assays showed that combination therapy induced apoptosis in ovarian tumor model. Although, in vivo results do not provide direct evidence that macrophages are involved in direct killing of tumor cells, our previous in vitro results showed that IFNs-activated monocytes directly kill the tumor cells [16] a Vital organs such as liver, kidney, lung and spleen of treated mice were examined for hepatocellular, tubular, pulmonary and splenic necrosis. No histological changes were observed in these organs.
b Body weight was observed before and after treatment with combination therapy group compared to the controls. No body weight changes were observed with combination therapy. Each group contained 5 mice Previous in vitro findings showed that low concentrations of tumor cells are more sensitive to killing by IFNactivated monocytes than are high concentrations [16, 29] . The present finding that the growth of small OVCAR-3 tumors is inhibited more profoundly than larger tumors is consistent with the in vitro finding. Thus, the small target size of early tumors may increase their susceptibility to the IFN-activated monocytes [29] . This may have clinical implications such as that some clinically detectable early human tumors may be treatable. Also delayed treatment for the OVCAR-3 tumors with the monocytes and IFNs appeared to be effective in mice up to 30 days post-tumor cell injection. Another finding is the absence of toxicity of the injected IFN and monocytes for the mice and its organs. Our earlier report also showed that in vitro growth of normal diploid cells was not inhibited by IFN-activated monocytes [16] . These findings are also consistent with clinical trials in which low toxicity was seen in patients treated with autologous monocytes [48] [49] [50] . These observations imply that IFN-activated monocyte may be relatively selective for tumor cells. It is likely that such an antitumor strategy could be widely applicable to and relevant for possible clinical applications.
Innate and acquired immune systems defenses can eradicate large amounts of invading viruses and bacteria in vivo [51] . A similarly potent immune defense against tumors in vivo has not yet been found [51, 52] . Cancer therapy with IFN, other cytokines, leukocytes or vaccines is only partially effective [16] . The eradication of tumors by cytokines and leukocytes remains an important goal and has been reported in vitro [16, 29] . The present study provides the first in vivo evidence for existence of such a potent innate immune defense against a number of tumors.
In summary, we demonstrated that intratumoral administration of monocytes, and IFN-a2a plus IFN-c inhibited tumor growth and prolonged survival of animals in established tumor models. The near eradication of the tumors especially OVCAR-3 was caused by accumulation of M1 macrophages and induction of tumor cell apoptosis. These results indicate that monocytes combined with IFN-a2a plus IFN-c may provide effective therapy for the treatment for localized cancer.
